Supercoiled plasmid molecules containing cloned copies of a DNA fragment which includes a functional herpes simplex virus type 1 origin of DNA replication were cleaved preferentially at two positions within the viral insert by nuclease S1. Plasmids with molecular linker insertions at these sites were constructed, and analysis of two representative plasmids demonstrated the presence of palindromic DNA sequences at the preferred cleavage positions. One of these palindromic sequences occurred within a 90 bp region in which the cis-acting sequences essential for viral origin function had previously been located, Insertion of a linker at this position abolished origin activity, demonstrating an essential role for sequences within the palindrome in the initiation of DNA synthesis. In transfection assays, plasmids containing a functional viral origin of DNA replication markedly interfered with the infectivity of non-defective viral DNA even in the absence of viral encapsidation signals. Inactivation of the origin greatly reduced this effect on DNA infectivity, suggesting that viral interference may be mediated by a mechanism involving the replicative machinery.
INTRODUCTION
The herpes simplex virus type 1 (HSV-1) genome is a linear DNA duplex of 98 x l06 mol. wt. which contains two regions of unique DNA sequences (UL and Us) each flanked by a set of inverted repetitions (TRL, IRE, IR s and TRs; for review, see Roizman, 1979) . Origins of DNA replication have been located in two distinct regions, namely close to the centre of UL (ORI L; Friedmann et al., 1977 ; Kaerner et al., 1981 ; Cuifo & Hayward, 1981 ; Spaete & Frenkel, 1982) and within a sequence common to the inverted repeats IRs and TRs (ORIs; Stow, 1982; Mocarski & Roizman, 1982) . We have recently cloned a 537 bp fragment of HSV-1 DNA specifying a functional ORIs into the plasmid vector pAT153, and identified a 90 bp segment containing all the cis-acting sequences necessary for activity as an origin of viral DNA replication . A prominent feature of this 90 bp region is a 45 bp almost perfect palindromic sequence which, it was suggested, might be important for origin function. To test this hypothesis we have attempted to mutate specifically the palindromic sequence using an approach prompted by the observation that the single-strand-specific nuclease S1 cleaves several supercoiled circular DNAs at short inverted repeats, and the suggestion that these regions might be able to adopt cruciform configurations (Lilley, 1980; Panayotatos & Wells, 1981) , We therefore mapped the preferred S1 cleavage sites within a hybrid plasmid containing the 537 bp HSV-1 fragment, introduced synthetic molecular linkers at positions corresponding to these sites, and tested the resulting mutated plasmids for the presence of a functional viral origin of DNA replication.
In addition to its requirement for DNA replication, the presence of a functional origin of replication may also play an important role in the process of viral interference. When HSV-1 is serially passaged at a high multiplicity of infection, virus stocks are produced which interfere with the infectivity of standard (non-defective) virus (Bronson et al., 1973; Murray et al., 1975 ; 0000-6320 © 1985 (1984) suggested that these two signals may have to be on a contiguous DNA fragment for interference to occur, but the interpretation of their experiments is complicated by the fact that the defective genomes present within a virus stock generally represent a heterogeneous collection of molecules of incompletely defined sequence. In the present studies we have therefore attempted to extend these observations by using plasmids containing cloned copies of functional or inactivated ORIs and the viral 'a' sequence either alone or in combination.
METHODS

Cells and virus.
BHK21 C13 cells were grown in Eagle's medium supplemented with 10~ tryptose phosphate broth and 10~ calf serum (Macpherson & Stoker, 1962) . Subconfluent cell monolayers (2 x 106 cells/50 mm plastic Petri dish) were used for DNA transfections, and wild-type (wt) HSV-1 (Glasgow strain 17) was used for superinfections and the preparation of infectious viral DNA.
Analysis of plasmid replication. Replication experiments were performed as previously described . Briefly, monolayers of BHK cells were transfected with supercoiled plasmid DNA in the presence of calf thymus carrier DNA using the calcium phosphate technique (Graham & van der Eb, 1973) followed by a dimethyl sulphoxide boost (Stow & Wilkie, 1976) . Each monolayer received 0.24 ktg pAT 153 DNA or amounts of recombinant plasmids containing equivalent numbers of molecules. Six h after transfection the cells were either mock-infected or superinfected with wt HSV-1 at a multiplicity of infection of 5 p.f.u./cell, and incubated for a further 16 h at 37 °C. Total cellular DNA was prepared and analysed by Southern blot hybridization with pAT153 DNA 3~p-labelled in vitro using previously described methods .
Assay of the interfering capacity ofplasmids. Standard (non-defective) wt HSV-1 DNA was prepared from virus particles as described by Wilkie (1973) . Monolayers of BHK cells were transfected with viral DNA and supercoiled plasmid DNA, co-precipitated in the presence of 5 ~g per plate calf thymus carrier DNA as previously described (Stow & Wilkie, 1976) . Forty-eight h post-transfection, the monolayers were stained and plaques counted.
Plasmids. Plasmid pS1 ) contains a 537 bp Sau3AI fragment specifying a functional ORI s inserted into the BamHI site of pAT153. The HindIII site of pS1 was deleted following sequential HindIII cleavage, incubation with T4 DN A polymerase in the presence of all four deoxyribonucleoside triphosphates, and recircularization by ligation, to yield plasmid pSH 1. Cloning procedures were essentially as described by Maniatis et al. 0982) . Plasmid pTO71 contains an approximately 550 bp terminal fragment from the S region which includes the 'a' sequence inserted into pSl , and in plasmid pB1 a previously described 1.7 kbp Hinfl joint fragment (from plasmid pW7; , also containing the 'a' sequence, has been inserted between the EcoRI and BamHI sites of pAT153. Supercoiled plasmids were prepared as described by Davison & Wilkie (1981) .
Analysis of $1 cleavage ofplasmidpSH1. Twenty I~g supercoiled pSH1 was incubated for 2 h at 37 °C in a 150 l-tl reaction volume containing 250 mM-NaC1, 1 mM-ZnSO4, 30 mM-CH3COONa pH 4.6 and 2000 units of nuclease SI (Boehringer Mannheim). Resulting linear molecules were purified from an agarose gel by electroelution and subsequent passage over DEAE-Sephacel (Maniatis et al., 1982) . 5' end-labelling was performed by sequential treatments with bacterial alkaline phosphatase and polynucleotide kinase in the presence of [~-32p]ATP. Alternatively, linear molecules were cleaved with restriction endonucleases and 3' end-labelled using the Klenow fragment of DNA polymerase 1 in the presence of an appropriate 7-3~p-labelled deoxyribonucleoside triphosphate (Drouin, 1980) . Mapping of cleavage sites was performed using 5~ polyacrylamide gels containing TBE buffer (Maniatis et al., 1982) , which were dried and subjected to autoradiography.
Construction of mutant plasmids. Purified linear molecules generated by nuclease S1 treatment of pSH1 were ligated to HindlII linkers (CAAGCTTG ; New England Biolabs), digested with excess HindIIl and recircularized by ligation. The resulting molecules were used to transform Escherichia coli strain DH1 to ampicillin resistance (Hanahan, 1983) .
Small-scale plasmid preparations (Gluzman et al., 1980) were analysed for the presence of a HindlII site within the viral sequenes, and two plasmids which contained linkers at positions corresponding to preferred nuclease $1 cleavage sites were selected for further study. The precise positions of the HindllI linkers were determined by sequencing 3' end-labelled fragments (Drouin, 1980) using protocols described by Maxam & Gilbert (1980) .
RESULTS
Linearization of pSHl with nuclease SI
Supercoiled pSH1 molecules were treated with nuclease S1 using the conditions described in Methods, and at various times samples were removed and the reaction terminated by addition of EDTA to 10 raM. The samples were subjected to electrophoresis through a 1 ~ agarose get in the presence of 0.5 ~tg/ml ethidium bromide. Fig. 1 shows that supercoiled circular DNA was converted to a linear form, probably via relaxed circular intermediates (Lilley, 1980; Panayotatos & Wells, 1981) . After 1 h, approximately equivalent amounts of supercoiled circular, relaxed circular and linear molecules were present, and linearized molecules were subsequently purified following this degree of digestion.
Mapping of nuelease S1 cleavage sites
Purified linear molecules were 5' end-labelled, cleaved with a variety of restriction endonucleases and the products analysed by electrophoresis through a 5 ~o polyacrylamide gel. Fig. 2 shows that following digestion with EcoRI, Sail or PstI a smear of fragments resulted on which were superimposed distinct bands. EcoRI generated a major fragment of approximately 650 bp and a minor fragment of approximately 550 bp. The sizes of the corresponding major and minor fragments produced by Sail digestion were approximately 400 and 500 bp respectively. These data suggest that although the majority of the S1 cleavage events appear to occur at random locations, two preferred cleavage sites exist within the viral insert. Fig. 3 shows the approximate positions of these major (Y) and minor (X) sites. PstI digestion did not yield the expected fragments of 556, 403 and 497 bp resulting from S1 cleavage at positions c, a and b which were previously identified as the major, minor and subminor preferred sites of the vector pAT153 (Lilley, 1980; Lilley & Kemper, 1984) .
Densitometric scanning of tracks corresponding to uncut, Sail-cut and EcoRI-cut 5' endlabelled linear molecules indicated that cleavage at the major and minor preferred cleavage sites of plasmid pSH1 occurred in approximately 8~ and 3~ of the molecules respectively.
Isolation of plasmids containing restriction enzyme linkers at positions corresponding to the preJerred cleavage sites of pSH1
Nuclease Sl-generated linear pSH1 molecules were ligated to HindIII linkers and recloned in E. coli. Small-scale plasmid preparations were made from 96 colonies and tested for the presence of a HindIII site at a position corresponding to one of the preferred cleavages. Plasmids were digested with EeoRI and HindIII, 3' end-labelled and analysed on 5 ~ acrylamide gels in parallel with Sl-generated linear fragments which had been recleaved with EeoRI, Fourteen of the plasmids contained a HindIII site, and of these, four and two generated HindIII plus EcoRI fragments that co-migrated respectively with the major and minor bands of the marker DNA. One representative of each class was analysed in further detail. Fig. 4 shows HindIII plus Sail digests of these two plasmids, pOM55 and pOM 16, analysed in parallel with Sail-cleaved linear 
Sequence analysis of pO M16 and pO M5 5
The sequences surrounding the HindlII linkers in pOM16 and pOM55 were determined following cleavage with HindlII and labelling of the 3' termini using [ct -32p]dATP and are shown in Fig. 5 . In addition, fragments 3' end-labelled at the HinfI site at position 637 were sequenced to confirm that only a single copy of the synthetic linker was present at the site of nuclease S1 cleavage. Fig. 5 (a) shows the sequence of a 90 bp region previously shown to contain all the cisacting sequences required for viral origin function , and the position of the almost perfect 45 bp palindromic sequence is indicated. Cleavage by nuclease S1 has occurred within this palindromic sequence and in the resulting plasmid, pOM16, 23 bp of the palindrome have been replaced by the 8 bp linker.
In pOM55 (Fig. 5b) 9 bp of viral D N A have been replaced by the linker sequence, and it is interesting to note that this alteration has again occurred within a palindromic D N A sequence.
Replicative ability of pOM16 and pOM55
Plasmids pOM16 and pOM55 which contain HindlII linker insertions within and outside the 90 bp ORIs region were tested for the presence of a functional viral origin using our previously described approach . After transfection of BHK cells with the Because the background level of input plasmid might easily obscure a small amount of plasmid replication, samples were also analysed following digestion with a combination of EcoRI and DpnI. DpnI cleaves the sequence GATC provided that the A residue is methylated (Lacks & Greenberg, 1977) (Lilley, 1980) , and X and Y the minor and major cleavage sites of pSH1 (see text). Fig. 4 . Analysis of plasmids pOM16 and pOM55. Plasmids pOM16 (16) and pOM55 (55) were cleaved with HindlII plus SalI and the resulting fragments 3' end-labelled. Purified pSH1 linear molecules cleaved with SalI (S) were also 3' end-labelled. Samples were subjected to electrophoresis on a 5 ~ acrylamide gel with pAT 153 Hinfl fragments as markers (bp). The symbols O and • indicate the fragments produced by cleavage at the minor and major preferred sites within the viral insert of pSH1.
Hanahan, 1983) are fully methylated at this sequence and hence susceptible to digestion (Lacks & Greenberg, 1977) . pAT153 D N A from such strains is therefore extensively cleaved by DpnI, producing a largest fragment of only 876 bp. Following replication of the vector sequences in eukaryotic cells, G A T C sequences containing unmethylated deoxyadenosine residues are produced and these are therefore resistant to DpnI cleavage. The right-hand panel of Fig. 6 demonstrates that the plasmid D N A in mock-infected cells transfected with pAT153, pSH1 or pOM16 was in each instance susceptible to DpnI digestion. (Upon very long exposure of the blot low molecular weight fragments generated from unreplicated input plasmid D N A were detectable in all six lanes, indicating that the disappearance of the EcoRI fragments was a result of genuine DpnI digestion.) Cleavage of the D N A from superinfected cells showed that in cells that received pAT 153 or pOM 16 the plasmid was again completely susceptible to DpnI digestion, and only in cells which received pSH1 were the vector sequences resistant to DpnI, indicating that they had been replicated in the presence (Murchie & McGeoch, 1982) , as previously employed . The palindromic sequences are indicated by horizontal lines above the sequence and their centres marked, 7.
pAT SH 1 16 55 pAT SH 1 16 Fig. 6 . Analysis of plasmid replication. Unlabelled DNA was prepared from BHK monolayers which had been transfected with pAT153 (pAT), pSH1 (SH1), pOM16 (16) or pOM55 (55) as indicated and either mock-infected (a) or superinfected with wt HSV-1 (b). One-tenth of the total DNA recovered from a 50 mm diam. Petri dish was cleaved with EcoRI (left-hand panel) or EcoRI and DpnI in combination (right-hand panel). Fragments were separated by electrophoresis through 1 ~ agarose gels, transferred to nitrocellulose sheets (Southern, 1975) and hybridized to 32p-labelled pAT153 DNA. Schr6der et al. (1984) recently demonstrated that co-transfection with intact HSV-1 DNA in the presence of defective viral genomes greatly reduced the infectivity of the non-defective DNA, and used this assay to measure the interfering ability of defective genomes which had been cleaved with a variety of restriction endonucleases. We therefore used a similar approach with cloned DNA fragments in an attempt to define the DNA sequences that produce this effect.
Plasmids containing functional ORI s sequences interfere with HSV-1 DNA infectivity
BHK cells were co-transfected with intact non-defective HSV-1 DNA in the presence of supercoiled plasmids containing cloned copies of the viral ORIs or encapsidation signals ('a' sequence). Two days after transfection the plates were stained and plaques counted, and the results are shown in Table 1 . Addition of plasmids pSH1 and pOM55, which contain functional ORIs sequences, and pTO71, which contains both ORIs and the 'a' sequence, resulted in substantial reductions in the infectivity of the viral DNA. In contrast, little effect on viral DNA infectivity was observed in cells which received pAT153, pOM16 (mutated viral origin) or pB1 ('a' sequence alone). The results therefore indicate that interfering activity resides within the cloned 537 bp Sau3AI fragment, and in addition probably requires functional ORIs activity.
DISCUSSION
Nuclease S1 has previously been shown to cleave supercoiled plasmid DNAs at the positions of short inverted repetitions (Lilley, 1980; Panayotatos & Wells, 1981) , and it was therefore of interest to determine whether an almost perfect 45 bp palindromic sequence, present in a region containing an HSV-1 origin of DNA replication , was a possible cleavage site. Digestion of supercoiled plasmid pSH 1 molecules, which contain a 537 bp HSV-1 fragment specifying functional ORIs activity, revealed that cleavage occurred preferentially at two positions within the viral insert. Both positions occurred at palindromic DNA sequences and cleavage at them predominated over cleavage at the three previously mapped sites in the vector pAT153 (Lilley, 1980; Lilley & Kemper, 1984) . The major site, which was located outside the previously defined ORIs region, was similar in structure to the previously described sites in pAT 153, consisting of a 12 bp sequence present as inverted copies separated by two nucleotides (Fig. 5b) . It is therefore probable that this sequence can adopt a cruciform configuration in supercoiled plasmid molecules (Lilley & Kemper, 1984) , resulting in its cleavage by the singlestrand-specific nuclease S1. This site may be preferred to the vector pAT153 sites (Lilley, 1980; Lilley & Kemper, 1984) because of the higher G + C content of the inverted repeat sequence (12 out of the 12 residues). The minor cleavage site of pSH 1 occurred within the 45 bp palindromic sequences of the ORIs region (Fig. 5a ). This sequence is rather different from the above S1 cleavage sites because the palindromic sequence contains three mismatches, and moreover includes a stretch of 18 consecutive A or T residues at its centre. It is possible that cleavage at this site results from 'breathing' of the A + T-rich sequence rather than cruciform formation, and may occur following the generation of relaxed circular molecules after initial nicking at a different position. It is interesting to note that in plasmid pOM16 all 18 A or T residues have been deleted, in support of the suggestion that this sequence is subject to 'breathing' under the experimental conditions employed. Although the observation that S1 nuclease cleavage occurs at palindromic HSV-1 DNA sequences indicates that these sequences may adopt cruciform configurations when part of supercoiled plasmid molecules, it is not known whether they adopt similar configurations while in the viral genome.
Linearization of pSH1 by S1 nuclease allowed synthetic linkers to be inserted at the sites of cleavage and two resulting plasmids, pOM 16 and pOM55, were characterized and tested for the presence of a functional viral ORIs. Analysis of the products with a combination of DpnI and EcoRI demonstrated that ORIs activity had been completely destroyed in pOM16. In this plasmid 23 bp of HSV-1 DNA which form part of an almost perfect 45 bp palindrome have been replaced by the 8 bp linker sequence (Fig. 5a ). This alteration maps within a 90 bp region previously shown to include all the cis-acting sequences required for ORIs activity , supporting our earlier results, and demonstrating that the palindromic sequence plays an essential role in DNA replication. As expected, the sequence alteration to pOM55 which maps outside the 90 bp ORIs region did not affect the replicative ability of this plasmid.
DNA palindromes and short A + T-rich sequences have been recognized as important structural elements of other eukaryotic origins of DNA replication. Both simian virus 40 and polyoma virus origins of replication contain A + T-rich stretches which lie adjacent to one side of a G + C-rich palindromic sequence (Gluzman et al., 1980; Myers & Tjian, 1980; Bergsma et al., 1982; Luthman et al., 1982) , but little sequence homology is evident between these elements and the HSV-10RIs region. In yeast, both ARS elements and the 2 ~tm circle origin of replication have high A + T contents and a shared sequence, ~TTTATPuTT~, has been noted (Broach et al., 1982) . A conserved sequence ATAATATA is present close to the termini of adenovirus genomes and is essential for the initiation of DNA synthesis (Tamanoi & Stillman, 1983; van Bergen et al., 1983) . Although the complement of this sequence is found within the deleted region of pOM16 (nucleotides 614 to 607, Fig. 5a ) the functional significance of this observation remains to be determined. While the conserved adenovirus sequence appears to be part of a specific binding site for the viral DNA polymerase (Rijnders et al., 1983) , the frequent presence of A + T-rich regions near eukaryotic origins of DNA replication could also be more generally significant in influencing the origin configuration or facilitating the access of replicative proteins.
Previously Schr6der et al. (1984) showed that the DNA sequences present in tandemly reiterated defective genomes markedly reduced the infectivity of non-defective DNA. This effect did not appear to be mediated by polypeptides encoded by the defective genomes, and was therefore probably caused by the presence of one or both of the cis-acting signals required for their propagation. We therefore tested plasmids containing cloned copies of these sequences, i.e. a functional ORIs and the viral encapsidation signal specified by the 'a' sequence, in similar interference assays. The results (Table 1 ) demonstrated that only plasmids containing a functional ORIs (pSH1, pTO71 and pOM55) caused a drastic reduction in the infectivity of HSV-1 DNA. Because cloned viral fragments were employed in this experiment, the results locate the sequences which mediate interference within the 537 bp insert of plasmid pSH1, and in addition suggest a requirement for a functional viral origin of replication. The molar ratios of input ORIs sequences in infectious viral genomes to those in plasmid molecules in these experiments were approximately 1:100 (0.063 pmol plasmid) and 1:200 (0.127 pmol plasmid).
In contrast to the results of Schr6der et al. (1984) linkage of the 'a' sequence to the viral origin was not essential for the reduction in infectivity, although its presence did further enhance the interfering activity of ORIs-containing plasmids (compare pTO71 with pSH1 and pOM55 in Table 1 ). The presence of the 'a' sequence alone had little effect on infectivity (plasmid pB1). The difference between our results and those of Schr6der et al. (1984) may reflect differences in the molar ratios of interfering and infectious DNA species, and between the form in which the interfering molecules are presented to cells. In our experiments the ORIs sequences were initially present on circular plasmid molecules at either 100-or 200-fold molar excess over the corresponding sequences in non-defective genomes. In the presence of a suitable helper virus these circular molecules are replicated efficiently , and the interfering viral sequences may therefore reach a sufficiently high copy number in the original transfected cell to block completely the production of infectious virus. In contrast, Schr6der et al. (1984) employed molar ratios of defective to non-defective DNA species closer to 10 : 1, and the interfering sequences were present on linear molecules necessitating intracellular circularization prior to their replication as rolling circles (Vlazny & Frenkel, 1981) . For these reasons the relative copy number of the interfering sequences may not have been high enough to prevent the production of infectious virus in the transfected cells. In this situation, interfering sequences would be able to exert a further effect only if transmitted together with the non-defective progeny to surrounding uninfected cells. Thus, although in these experiments interference might again be mediated by sequences within the ORIs region, there may be an additional indirect requirement for a linked 'a' sequence to enable the encapsidation of the interfering species and their transmission to adjacent cells.
The requirement for a functional ORIs region for interference suggests that the replicative machinery is directly or indirectly involved in this process. The presence of multiple copies of the viral origin of replication may lead to a competition with intact viral genomes for virus and/or host proteins necessary for DNA replication. This competition would be expected to lead to an increased yield of defective DNA at the expense of standard genomes, as has been observed when HSV-1 stocks are serially passaged at a high multiplicity of infection (for review, see Frenkel et al., 1980) . Alternatively, replication may be necessary to provide high copy numbers of some other interfering sequence such as the promoter or upstream regulatory sequences for the HSV-1 immediate-early gene IE4/5 which are also located within the 537 bp ORIscontaining fragment (Preston et al., 1984) . In plasmid pOM16 the sequence alterations which destroyed replicative ability also drastically reduced interfering capacity and this latter effect could therefore either be a direct consequence of the loss of a specific binding site for one or more of the replicative proteins, or an indirect result of the failure of this plasmid to replicate to high copy numbers. Although the 537 bp ORls-containing fragment was sufficient in our assay to reduce the infectivity of non-defective HSV-1 DNA drastically, it remains possible that the mechanisms by which defective virus particles interfere with the replication of standard virus may not exclusively involve origin-containing sequences. It should be noted, for example, that compared to the pAT153 control slight decreases in plaque numbers were obtained with plasmids pOM16 and pB1 (Table 1 ). This effect was much smaller than the inhibition obtained using plasmids containing functional ORIs sequences but was nevertheless reproducibly observed. The basis of the effect is unknown but may possibly reflect inhibition due to recombination between the viral inserts and infectious viral genomes leading to the generation of complex defective molecules as previously suggested by Schr6der et al. (1984) . I thank Professor J. H. Subak-Sharpe for his interest and support, and Dr C. M. Preston and Dr R. T. Hay for helpful and stimulating discussions. The excellent technical assistance of Ms E. C. McMonagle is gratefully appreciated.
